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Abstract 

We consider a rotating quark-antiquark [qq) pair in = 4 thermal plasma. By 
using the AdS/CFT correspondence, the properties of this system are investigated. 
In particular, we study variation of a rotating string radius at the boundary as a 
function of its tip and angular velocity. We also extend the results to higher derivative 
corrections i.e. 'R? and 7^^ which correspond to finite coupling corrections on the 
rotating quark-antiquark system in the hot plasma. In the IZ'^ case and for fixed angular 
velocity the string endpoints become more and more separated as decreases. To 
study TZ^ corrections, rotating quark-antiquark system in Gauss-Bonnet background 
has been considered. We summarize the effects of these corrections in the conclusion 
section. 



1 Introduction 



The theory of strong nuclear interactions, QCD, exhibits various phenomena at low energy. 
These phenomena are strong coupling effects which are not visible in perturbation theory 
and there are no known quantitative methods to study them (except by lattice simula- 
tions). A new method for studying different aspects of strongly coupled gauge theories is 
the AdS / CFT correspondence [IHS] which has yielded many important insights into the dy- 
namics of strongly coupled gauge theories 0[7]. Methods based on AdS/CFT relate gravity 
in AdS^ space to conformal field theory on the four- dimensional boundary, CFT4. It has 
been shown that an AdS space with a black brane is dual to conformal field theory at finite 
temperature. 

This method is particularly powerful in large A^^^ gauge theories which are dual to weakly 
coupled string theories in weakly curved spacetime, since then many computations can be 
explicitly performed. Although AdS/CFT correspondence is not directly applicable to QCD, 
one expects that results obtained from closely related non-abelian gauge theories should shed 
qualitative (or even quantitative) insights into analogous questions in QCD [8, 9J. This has 
motivated much work devoted to study various properties of thermal SYM theories like the 
hydrodynamical transport quantities [TO] . 

The experiments of Relativistic Heavy Ion Collisions (RHIC), in which gold nuclei collide 
at 200 GeV per nucleon, have produced a strongly coupled quark-gluon plasma (QGP) pT| . 
In order to find out different aspects of QGP and reproduce experimental results, AdS/CFT 
technology has been used {e.g. [T2HT7] ) . 

In this paper we study a rotating quark-antiquark pair in A/" = 4 thermal plasma which 
can be interpreted as a meson [18]. Based on lattice results and experiments, it is found 
that the meson shows interesting behavior as the temperature of the plasma increases. It 
is known that heavy quark bound states can survive in a QGP to temperatures higher 
than the confinement /deconfinement transition [19]. We use the gauge-string duality [20] to 
investigate the properties of the above system. Thermal properties of static quark-antiquark 
systems have been studied in [2T1[22] in an AdS-Schwarzschild black hole setting using the 
AdS/CFT correspondence. The static quark-antiquark system is modeled as an open string 
hanging from the boundary in the bulk (U-shaped string) with its endpoints representing 
quark and antiquark. The motion of a quark-antiquark pair through A/" = 4 plasma has been 
discussed in [231425] . Several studies of rotating mesons and their related properties have 
been done in [26ti29] by means of the AdS / CFT correspondence. In [30] rotation of a heavy 
test quark has been considered. 

It has been shown that there are two kinds of strings, long strings and short strings, an 
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analysis of which has shown the stabihty of the latter kind [SItiM] . We show that there are 
short and long strings in the case of rotating mesons and, based on the stability analysis 
of binding quark-antiquark pairs, one can show that short strings are more energetically 
favorable. 

We also study the behavior of the radius d of a rotating string at the boundary by plotting 
d first as a function of the distance between the tip of the U-shaped string and the horizon 
and then as a function of the string angular velocity u, the plots of which may be seen in 
Fig. 121 By a fitting approach, we give a formula for d in terms of u in f l2.18p . which describes 
only physical solutions, i.e. short strings. Notice that this result is based on the relation 
between the tip of the U-shaped string and u in Fig. |3l 

We extend the results to higher derivative corrections which on the gravity side cor- 
respond to finite coupling corrections on the gauge theory side. The main motivation to 
consider corrections comes from the fact that string theory contains higher derivative correc- 
tions arising from stringy effects. In the case of TV = 4 super Yang-Mills (SYM) theory, the 
gravity dual corresponds to type IIB string theory on AdS^ x background. The leading 
order correction in 1/A arises from stringy correction to the low energy effective action of 
type lib supergravity, a'^TZ"^. On the gauge theory side, computations are exactly valid when 
the 't Hooft coupling constant goes to infinity (A = Qym^ ~^ understanding of how 

these computations are affected by finite A corrections may be essential for more precise 
theoretical predictions. 

We study 7^^ and TZ^ corrections to the properties of rotating strings by analyzing their 
shape for a given angular velocity. We find that as A~^ decreases the string endpoints become 
more and more separated. We also noticed that the radius of a rotating quark-antiquark 
system is smaller when 7^^ correction is considered. To study TZ^ correction, we consider 
Gauss-Bonnet (GB) background which is the most general theory of gravity with quadratic 
powers of curvature in five dimensions. We see that the longer string has more energy than 
the shorter one and by analyzing Fig. |6] and Fig. [HI we find that the cases with bigger 't 
Hooft coupling have longer length and therefore more energy. We summarize the effects of 
these corrections in the last section. 

The article is organized as follows. In the next section, we study some properties of rotat- 
ing open strings in AdS-Schwarzschild black hole extending our analysis to higher derivative 
corrections in section 3. In the last section we draw our conclusions and summarize our 
results. 
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2 Rotating quark-antiquark pair at finite temperature 



In this section we study a rotating quark-antiquark system at the boundary as an open string 
in the bulk space from the gauge-string duahty point of view. According to the Maldacena's 
conjecture, = 4 U{N) superconformal Yang-Mills theory in 3 + 1 dimensions is dual to 
type IIB superstring theory on AdSr, x background. The latter background can be realized 
as a near-horizon geometry of extremal D3-branes in type IIB superstring theory. It is well 
known that in the large and strong 't Hooft coupling limit the gauge theory is dual to 
type lib supergravity on AdS^ x S^. 

At finite temperature, the large A^ and strong coupling limit of D = 4 A/" = 4 SYM 
theory is dual to the near-horizon geometry of near-extremal D3-branes in IIB superstring 
theory. This geometry is given by AdS-Schwarzschild type lib supergravity (when the other 
compact five-dimensional manifold is 5*^) 

d'' = ^i- ^(^)^^' + + P'dO' + dxl) + ^uyj^^^y (2-1) 



where 

M^) = l-^- (2.2) 

Here u is the radial direction which is bounded from below hj u > Uh where Uh refers 
to the location of the horizon. The curvature radius of AdS is R. In fact it maps non- 
perturbative problems at strong coupling onto calculable problems of classical gravity in a 
five- dimensional AdS^ black hole spacetime. The temperature in the hot plasma is equal to 
the Hawking temperature of the AdS black hole in the gravity dual, namely 



2.1 Rotating quark-antiquark pair as a U-shaped string 



(2.3) 



In the following we introduce a rotating quark-antiquark pair from string theory and AdS / CFT 
point of view. In the usual fashion the two endpoints of an open string are seen as a quark 
and antiquark pair which may be considered as a meson. The open string hanging in the 
bulk space and connecting two endpoints has a characteristic U-shaped. We name the 
tip of the U-shaped string and we let it to define the nearest point between the string and 
the horizon of the black hole (m* > Uh)- Let us emphasize that for non-physical states we 
would have < Uh [22j . 

In order to study a rotating string, we make use of the Nambu-Goto action in the above 
background given by 



5 = ■ 

ZTTO; 



^ j drda^Z-detgab. (2.4) 
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The coordinates (cr, r) parameterize the induced metric Qab on the string world-sheet. Indices 
a, b run over the two dimensions of the world-sheet. Let X^{cr, r) be a map from the string 
world-sheet into spacetime and let us define X = drX, X' = d^X, and V ■ W = V^W^G^u 
where G^j^ is the AdS black hole metric. Indices /i, u run over the five dimensions of space- 
time. Then 

- g = -detg,, = (X ■ X'f - {X'Y{X)'. (2.5) 

The background metric is given by (12.11) . Our four-dimensional space is along t,p,9 and 
X3 where the quark-antiquark system is rotating on the p, 6 plane with X3 the direction 
perpendicular to the plane of rotation. We choose to parameterize the two-dimensional 
world-sheet of the rotating string X^((T, r) according to 

X^'la, t) = {t = T, p = (T, u = u{p), e = ut). (2.6) 

Simply, what this means is that the radius of the rotating quark-antiquark on the probe 
brane changes with the fifth direction of the bulk space as we move further into the bulk. 
In arriving at the parametrization (12. 6p . we made use of the fact that the quark-antiquark 
pair is in circular motion with radius d at a constant angular velocity u. Also, we assumed 
that the system retains its constant circular motion at all times. Furthermore, the ansatz 
(12. 6p does not show any dragging effects which frees us from applying a force to maintain 
the rigid rotation [28] . 

In order to describe the rotation of a quark-antiquark pair the end-points of the string 
on the probe brane must satisfy the following boundary conditions 

u{d) = 00, (2.7) 

1^ = (2.8) 
dp 

According to our ansatz (12.61) . the Nambu-Goto action with a' = 1 becomes 



(2.9) 



where prime is the derivative with respect to p. We shall find it convenient to introduce new 
variables 

z = p= — p, u = — w, (2.10) 
where in the new variables, prime denotes the derivative with respect to z. Thus we rewrite 
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the action fl2.9p in the new variables as 



s = j dtdpMz^-i- pW)(-^^ + i 



Uh_ 

'27r 



dtdpC. (2.11) 



where we drop the tildes for convenience. It is evident that positivity of the square root in 
(12. lip requires that z'^ — 1 — p^u'^z^ > 0. This in turn means that for a given angular velocity 
u, the string solution u{p) has to lie above the curve 

for its action to be real. It is shown in Fig. [T]that all rotating strings with different angular 
velocity do satisfy this condition. 

The equation of motion for z follows from differentiating the Nambu-Goto action and is 
given by 

f z'(l- p^uj^^)\ dC 



where 



2.2 Numerical solutions 

The equation of motion for z{p) in (I2.13P is nonlinear and coupled. In the simple case of 
no angular velocity one can reproduce the analysis of the static case as given in [2T|[22]. 
However, for generic values of u we cannot solve this equation analytically and we have to 
resort to numerical methods. 

The boundary conditions which solve f l2.13p are 

z{d) = 20 and z'{d) oo. (2.15) 

Physically (12.1 5p means that string terminates orthogonally on the brane in the boundary 
which in turn implies Neumann boundary conditions. Also z'{Q) = has been considered at 
the tip of the string where p = 0. To check the validity of our solutions, we choose p = d so 
that at p = we keep the condition ^'(0) = 0. 

The shapes of rotating open strings, for a fixed temperature, are shown in Fig. [TJ By 
analyzing the shapes of the string for various angular velocities, we infer that as cu decreases 
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Figure 1: Shapes of open strings for different angular velocities are plotted. All solutions lie 
above the horizontal line defined by fl2.12p . Notice that the positivity condition is seen as a 
straight line at z = 1. 

the string endpoints become more and more separated, i.e. the radius of the open string at 
the boundary will increase and it will penetrate deeper into the horizon. We would like to 
stress again that rotating strings with different angular velocities have to lie above the curve 
given by f l2.12p in order their action be real. This is precisely what is shown in Fig. [H 

2.3 Rotating and static quark-ant iquark pair 

By using numerical solutions, a plot of as a function of angular velocity u is given in 
Fig. |2] where it is seen that both uj and d increase up to a maximum. As u increases 
and goes past its maximum the radius of the rotating open string decreases. Hence there 
are two possible U-shaped configurations representing two different values of u. However, 
only the right region of the plots is physical where to an increasing uj there corresponds a 
decreasing radius. The configurations with larger values of u have shorter length and hence 
more energetically favorable. Therefore the branch to the left of the maximum in Fig. |2j is 
presumably unstable and will decay to the right branch. 

It is interesting to investigate the behavior of a rotating quark-antiquark pair in terms of 
the strings tip. To this end, we introduce a new parameter a = ^ where u^, is the nearest 
point of the (physical) string to the horizon. In the right plot of Fig. [2] we show d versus a. 
In the physical region, as a increases the value of d decreases. It is obvious that there are 
two possible U-shaped string configurations at two different values of a. The larger value of 
a has shorter length and hence it describes physical configurations. In order to check the 
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Figure 2: Left: The radius of a rotating quark-antiquark at the boundary versus the angular 
velocity. Right: The radius of a rotating quark-antiquark at the boundary versus a. 
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behavior of angular velocity u in terms of a, we plot them in Fig. |3l In the physical region, 
angular velocity u is approximately a linear function of a. We fit this linear curve using 



a = m + noj + puj . (2-16) 

A numerical analysis of fl2.16p gives optimal values m = 0.70, n = 1.65 and p = —0.14. The 
d-a curve is also fitted by 

d{a) = - + -,, (2.17) 

where s = 0.57 and r = —0.01. The d-u curve is easily found by substituting fl2.16p in f l2.17p 

0.57 0.01 
~ 0.70 + 1.65u;-0.14u;2 ~ (0.70 + 1.65u; - 0.14^2)5 ' ^ ■ ) 

which reproduces the d-u plot in Fig. |2l It is important to notice that d and a are always 
positive and thus we have an upper limit on u. Without the third term in (I2.16p . a and d 
are always positive and u is free to go to infinity. We draw the reader's attention to the fact 
that in the physical region u cannot be zero. 

In [22] the heavy static quark-antiquark potential as a function of interquark distance d 
was defined. It was argued that at the particular point d = d^, the potential curve crosses 
zero. Gauge-string duality implies that the U-shaped string will break into two straight open 
strings having no interaction energy and vanishing potential for d> d^,. Furthermore, in the 
same paper the relation between d and a was also considered. There, two possible U-shaped 
string configurations at two different values of a arise. In the physical region, as a increases 
the value of d decreases. In addition, for large a, d was obtained as a function of a 

- ^ (s - 5^ - IS? - ■•■) • 

where c = 0.56. 

In the our case we have plotted the radius of a rotating quark-antiquark system in terms 
of a and in comparison with static case we find similar curves which we reproduce in Fig. |H 
One may conclude that the behavior of d as a function of a is the same as in the static case 
fl2.19p . where the coefficients depend on angular velocity. In other words for large a we may 
have 

^ ' Uh \ a 5a5 10a9 )' ^ ' 

where 

a{uj = 0) = (3{uj = 0) = 7(w = 0) = 1. (2.21) 
It would be interesting to find values for a, {3 and 7 [35] . 
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Moreover it is clear that angular velocity is responsible for both the variation of the 
radius of the quark-antiquark system as well as a, see Fig. [31 Similarly to our discussion of 
the potential in the static case, we find that in the rotating case for a particular value 
such that > Umax, corresponding to rf* < dmax, dissociation appears. Once dissociation 
has appeared we are left with a pair of straight strings whose potential vanishes for w < 

0.45 
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Figure 4: We plot d versus a for different values of angular velocity of the quark-antiquark 
pair. From maximum d to minimum d, angular velocity isw = 0.0, 0.5, 1.0, 2.0. In this figure 
we have fixed angular velocity of the rotating string. Also we have not considered Neumann 
boundary conditions (boundary is located at z=20). See the similarity with rotating baryon 
in Figure 5 of j37j . 

A string-junction holographic model of a probe baryon in finite temperature SYM dual 
to AdS-Schwarzschild black hole is studied in [361438] . Therein, a relation between D5-brane 
position, which plays the same role of a of the U-shaped string in our work, and quark 
separation is plotted. It was shown that quark separation becomes larger at first to turn 
smaller as the position of the D5-brane increases. It was argued that in the physical region 
by increasing the position of the D5-brane the quark separation decreases. Interestingly, it 
was also discussed that to an increase of the angular velocity there corresponds a decrease 
of the maximum height of quark separation. Importantly, they did not consider Neumann 
boundary conditions in this case. Since the results match ours we may conclude that in our 
case the maximum height of the radius of the quark-antiquark system depends on angular 
velocity. On the other hand, the u dependence of a, {3 and 7 should control the height 
of the maximum [35]. In order to verify the above guess at least numerically we do not 
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consider boundary conditions and we plot in Fig. H] quark- ant iquark separation in terms of 
a for different angular velocities. It is easy to see that by increasing angular velocity the 
maximum value of d decreases. 



2.4 Dissociation of rotating quark-ant iquark pair 

In this subsection, we analyze the dissociation of a rotating quark-antiquark pair. This 
subject has been studied in [28l[29]. As we found in the previous section angular velocity 
controls the radius, the length and the nearest point of the string to the horizon. We are going 
to understand the effect of rotation on the dissociation of a rotating quark-antiquark pair by 
studying the energy E and angular momentum J. These are constants of motion and they 
can be easily found from the action (12. lip . The angular momentum of the quark-antiquark 
is 

1 



and it can be found to be 



J = u j dp p'z^ y 1 • (^-^^^ 

The other constant is the energy of the system that follows from the Hamiltonian 

■dC 

n = 9^-C, (2.23) 

E= / dp . (2.24) 

J V-9 

It is not easy to find analytical solutions for E{uj) and J{uj), so we resort to numerical 
analysis to obtain more information about these quantities. The results are shown in Fig. 
[5] where we plotted the energy squared of the rotating quark-antiquark pair in terms of its 
angular momentum. Horizon and boundary are located at Zh = 1 and z = 20, respectively. 
From the upper curve to the lower curve we see that temperature increases. From equation 
(12.31) it is clear that a change in temperature corresponds to a change in the location of the 
horizon. There is a maximum energy and angular velocity beyond which the meson will 
dissociate. 

At finite temperature, as u decreases, the effective tension of the string in the region near 
the horizon decreases. This leads to the appearance of a maximum in energy and spin. It 
is natural to interpret the temperature at which this happens as the critical temperature at 
which a quark-antiquark of spin Jmax melts. Thus we deduce that the dissociation temper- 
ature for quark-antiquark is spin dependent. As temperature increases the maximum value 
of the spin that a quark-antiquark can carry decreases, see Fig [51 Moreover, we see that 
two states with identical spin have different energies. The ones with smaller u are more 
energetic than the ones with larger u. This entails that larger values of u are more stable. 



10 



We eliminate the variable oj from the equations for energy and spin to obtain a plot of energy 
versus spin shown in Fig. [5l 

400 
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J 

Figure 5: The energy squared of a rotating string is plotted versus angular momentum. 
From the upper curve to the lower curve, temperature is increasing which corresponds to 
Zh = 1,1.25,1.50,2.0. 

3 Finite coupling corrections and rotating qq pair 

Let us now study finite coupling corrections to the rotating quark- ant iquark pair by con- 
sidering TZ^ and TZ^ corrections in the dual gravity background. We should emphasize that 
in the case of TZ^ correction, one cannot predict a result for A/" = 4 SYM because the first 
higher derivative correction in weakly curved type IIB backgrounds enters at order TZ'^. These 
corrections on the drag force have been studied in [39] . 

We follow the same procedure as in the previous section and start with the Nambu-Goto 
action in these two different backgrounds. We will see, as it is expected, results for TZ^ 
correction are almost similar to AdS-Schwarzschild black hole without correction studied in 
the previous section. 

3.1 TZ'^ corrections to AdS-Schwarzschild black brane 

We begin by studying a rotating string in the a' corrected background. As before we will 
write the Nambu-Goto action and then discuss the different aspects of rotating strings. 

Since AdS/CFT correspondence refers to complete string theory, one should consider 
the string corrections to the lOD supergravity action. The first correction occurs at order 
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(a')^ ^0]. In the extremal AdS^ x 5*^ it is clear that the metric does not change |41] . 
conversely this is no longer true in the non-extremal case. Corrections in inverse 't Hooft 
coupling 1/ A which correspond to a' corrections on the string theory side were found in [12] . 
The a'-corrected metric is [13] 

ds'^ = Gtt dt^ + G^^{dp^ + p^de"^ + dxl) + G„„ du^, (3.1) 
where the metric functions are given by 

Gtt = -R-W{l-z-^)T{z), 

C = R-\^X{z), 

Guu = R^u-\l-z~^)-^U{z), (3.2) 

and 
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Figure 6: Shape of a rotating string for different values of at fixed angular velocity 
uj = 0.1. From right to left A"^ = 0.01, 0.1 , 0.15 



Tiz) = l-6(75.- + i§^.--^.--)+... 
X{z) = 1-^.-^(1 + .-) + ..., 

U{z) = 1 + 6 (75^-^ + - ^z-^' )+.... (3.3) 

There is an event horizon at u = Uh and the geometry is asymptotically AdS at large u with 
a radius of curvature R. The expansion parameter b can be expressed in terms of the inverse 
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't Hooft coupling as 



b 



C(3)x-3/2 



(3.4) 
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The dynamics of a rotating string in this background is described by the Nambu-Goto action 



S = dt dp. {z^ - l)T{z) - p^uj^z^Xiz) ^—U{z) + X{z) , (3.5) 



where, in deriving ( 13. Sp . we used ( 12. 6p and ( 12.10p . The positivity condition becomes 



One can easily find equation of motion for z and then solve it numerically leading to Fig. 
[61 In this figure, for fixed cu, a plot of z{p) versus p is depicted. By analyzing the shapes of 
the string for various values of we see that as decreases the separation of the string 
endpoints increases. 

For fixed A~^, as shown in Fig. [71 we again have physical and unphysical strings. For 
physical strings, as angular velocity decreases the rotating string endpoints become more 
separated and the U-shaped string penetrates deeper into the horizon. One can compare 
Fig. [7] with previous results in the case of no corrections. It is clear that the distance between 
rotating quark and antiquark is smaller when H,^ correction is considered. 
It would be interesting to connect this result to experiments at RHIC and LHC Thermal 
properties of QGP can be investigated by quarkonium states. The suppression of heavy 
quark bound states in RHIC is a sensitive probe for QGP. Quarkonium is a bound state of a 
heavy quark and antiquark pair and it is possible to introduce screening length for it. When 
the screening radius is smaller than the radius of the bound state quarkonium will dissociate. 
Then by studying this physical quantity one can find the effect of finite coupling corrections 
on the dissociation of charmonium and bottominium at RHIC. This can be done in detail by 
studying the potential of the rotating quark-antiquark and we leave this problem for further 
study [35] . 

Since the 7^^ correction has a small effect on other results of the previous section we do 
not repeat them. 

3.2 Gauss-Bonnet gravity background 

We continue our analysis and consider Ti? correction. On the gravity side it corresponds to 
finite coupling correction on the gauge theory side. Motivation to consider this correction 
comes from the fact that string theory contains higher derivative corrections from stringy 
(1/A) or quantum effects (1/A^). In other words, a possible violation of the lower bound of the 




(/ - \)T{z) > pWz^X{z). 



(3.6) 
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ratio of shear viscosity 77 to entropy density s in GB background was shown in [IHlllH], also 
see |17] and references therein. Following this observation, we study properties of rotating 
quark-antiquark in GB gravity. 

In five dimensions, the most general theory of gravity with quadratic powers of curvature 
and exact solution is Einstein- Gauss-Bonnet (EGB) theory which is defined by the following 
action 



S 



1 



16nG 



N 



12 XgbR^ 



(3.7) 



Here R is proportional to the radius of the asymptotic AdS space and fi runs over 1 to 5. 
We are going to consider how curvature squared terms affect rotating strings. There is an 
exact black brane solution whose metric is of the form (13. ip with |45j 



Gu = -kR-'u'h{u), G, 



R 



-V, 



u 



where 



h{u) 



2A 



GB 



4A, 



GB 



Ul 



fc = ^(1 + Vl-4AGij). (3.9) 



The scaling factor k for Gu ensures us that the speed of light at the boundary theory is 
one. Beyond Xgb ^ \ there is no vacuum AdS solution and one cannot have a conformal 
field theory at the boundary. New bounds for Xqb come from causality condition. Authors 
of IH] found that in five dimensions Xqe < 0.09 and when dimensions of spacetime go up. 
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causality restricts the value of Xgb in the region Xgb < 0.25 . The Hawking temperature of 
the black hole is given by 



T 



Using (12. 6p and ( I2.10p . the Nambu-Goto action becomes 

S = [ dtdp^{kh{z) - p^oo^) {z^ + z'^h'^iz)) 

2vr J 



Uh_ 
'271 



dtdpC, 



where 



hiz) 



1- x/1-4Xgb(1-z 



Positivity of the square root in the action leads to 



u{p)> 



1/4' 



(3.10) 



(3.11) 
(3.12) 

(3.13) 



Equation (I3.13P implies that rotating strings have to lie above this curve. The equation of 





Figure 8: Shapes of a rotating heavy meson for different values of coupling constants. Left: 
For oj = 0.8 coupling constants Xgb = —0.5, —0.2, 0.1 from the right to the left curve. Right: 
For u = 2.0 coupling constants Xgb = —0.5, —0.2, 0.1 from the right to the left curve. 



motion for z is 



9. 



^Jh-\z){kh{z) - p^UJ^) 



-9 



dz 



(3.14) 



One can solve this equation numerically to obtain more information about a rotating quark- 
antiquark pair in the EGB background. Boundary conditions which solve the differential 
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equation (13.141) are z{d) = 20 and z'{d) — )■ oo. Also the condition z'{0) = at the tip of the 
string is employed. The shapes of rotating open string, for fixed temperature and different 
angular velocities and Xgb are shown in Fig. [HI By analyzing the shapes of the string 
for different values of Xgb with fixed u, as Xgb increases the string endpoints become more 
separated i. e. the radius d of the rotating open string at the boundary increases but the tip of 
the U-shaped string does not change considerably. Also it is evident that shorter strings, i.e. 
smaller d, have larger angular velocities which similarly to our previous cases. Comparing 
the two plots in Fig. [8], we realize that for larger angular velocities there corresponds smaller 
radii of the quark-antiquark system. 

3.2.1 Energy and spin 

The spin and energy of a quark-antiquark in the above background are easily defined by 



Energy squared in terms of spin is plotted in Fig. |9l It is evident that like in previous 
cases there is a maximum which may be related to a dissociation point. The maximum of 
the energy squared is noticeably enhanced respect to prior cases. Also, the effect of the 
GB coupling is seen in the same figure whereby an increase of A^^ yields a decrease of the 
maximum energy and spin. This is an interesting phenomenon that shows us the role of finite 
coupling corrections. If we compare it with the case of no corrections, a rotating meson will 
dissociate with smaller energy and spin. 

4 Conclusion 

In this paper we studied a rotating quark-antiquark in AdS-Schwarzschild black hole and 
solved its equation of motion numerically. By using suitable boundary conditions, at fixed 
temperature, we find two U-shaped strings of which the shorter one is energetically stable. 
By analyzing string shapes, corresponding to physical regions, we deduce that as angular 
velocity decreases {i.e. a decreases) the string endpoints become more separated, that is the 
radius of the rotating string at the boundary increases. Interestingly, our results match with 
a similar analysis carried out in Sakai-Sugimoto model |28]. In addition, in (I2.16P we were 
able to cast an equation which expresses the distance between the tip of the rotating open 
string and the horizon in terms of angular velocity. The upper limit on angular velocity 
comes from the positivity of d. 




(3.15) 
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Figure 9: The energy squared of rotating string in terms of the spin in hot plasma dual 
to Gauss-Bonnet gravity. Uh = I and boundary is located at m = 20. For upper curve 
Xgb = —0.2 and for lower curve Xgb = +0.1. It is clear that there is a maximum energy 
and spin where beyond them the meson will be dissociated. 

Our study has lead us to equation f l2.20p which describes the radius of a rotating quark- 
antiquark in terms of a and u where remarkably the dependence on a is exactly as for the 
static case. We plan to derive the a, (3 and 7 functions appearing in fl2.20p in a future 
work [35J. This can be done by either best fitting methods or analytically as in |22]. We 
also found a similarity between our setting and the baryonic case. We showed that the tip 
of the string in our model and the position of a D5-brane in the baryonic case play the same 
role: by increasing angular velocity both of them behave alike. 

By plotting energy in terms of spin we showed that at a fixed temperature spin has a 
maximum value interpreted as a temperature-dependent dissociation spin. 

We also extended our setup as to include TZ^ and 7^^ corrections. We summarize our 
results as follows: 

• The effects of TZ^ higher order correction can be controlled by A^^. For a fixed u, by 
increasing the radius of the rotating open string increases although the tip of the 
string is almost constant. In other words, in presence of higher order correction the 
rotating open string has longer length. Since the longer string is more energetic we 
conclude that the TZ^ correction increases the value of energy. In short, the radius, 
length and energy of a rotating open string will increase when 7^^ correction becomes 
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bigger. We showed that TZ^ correction yields the same results as TZ'^ correction does. 

• As the potential between a quark and antiquark becomes zero, a free quark and an- 
tiquark are produced. In the case of a rotating open string it happens when d = 
d^iuj = cj*). Because of 71^ correction the value of decreases which indicates that 
the quark- antiquark system can be separated more easily than before. 

• We considered TZ^ correction in GB theory and found that there is a sensible enhance- 
ment in energy. 

We conclude with a final remark. Finite coupling corrections may be useful to study the 
dissociation of quarkonium at RHIC. From this point of view our results can be interpreted 
as melting of quarkonium states. 
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